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Input Data (ep) - Detailed simulation work to 
optimise resolutions throughout 
phase-space 
à 5 bins per decade in x and Q2

- Kinematic coverage: Q2 > 1 GeV2, 
0.01 < y < 0.95, W > 3 GeV

- Lower y accessible in principle,
but easier to rely on overlaps 
between data at different "

- Highest x bin centre at x=0.815

- CC data also included for 
highest "

[Poster by S Maple]
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Helicity structure of the nucleon: gluons

Inclusive measurements

→ access to gluon spin
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Figure 3.2: (Top) in-bin fraction for DIS kinematic
Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
calorimetry systems. Except for at very low mo-
menta the pion contamination is below 1% which,
after corrections, lead to a negligible systematic un-
certainty to our measurements.
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Figure 3.3: Kinematic coverage and expected pre-
cision for inclusive A1 asymmetries from ECCE
based on ep collisions at two example beam ener-
gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.
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High e- purity needed, e.g. ECCE via EMCAL: 

<2% π contamination for p>2 GeV
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Figure 3.2: (Top) in-bin fraction for DIS kinematic
Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
calorimetry systems. Except for at very low mo-
menta the pion contamination is below 1% which,
after corrections, lead to a negligible systematic un-
certainty to our measurements.
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cision for inclusive A1 asymmetries from ECCE
based on ep collisions at two example beam ener-
gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.
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via tracking of 

scattered lepton only
stat. unc.+ unfolding

Inclusive measurements

→ access to gluon spin
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Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
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Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.
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Figure 3.2: (Top) in-bin fraction for DIS kinematic
Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
calorimetry systems. Except for at very low mo-
menta the pion contamination is below 1% which,
after corrections, lead to a negligible systematic un-
certainty to our measurements.
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Figure 3.2: (Top) in-bin fraction for DIS kinematic
Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
calorimetry systems. Except for at very low mo-
menta the pion contamination is below 1% which,
after corrections, lead to a negligible systematic un-
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cision for inclusive A1 asymmetries from ECCE
based on ep collisions at two example beam ener-
gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.
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Impact of the EIC on polarized PDFs: DSSV

16
Very significant impact on polarized gluon and 

quark singlet PDFs using inclusive e-p only!

Impact of the EIC on polarized PDFs: JAM21 – no positivity

18

Also shows very 
significant impact on 
polarized gluon PDF 

and moderate impact 
on flavor-separated 

PDFs using only
inclusive e-p. Impact of the EIC on polarized PDFs: JAM21 – no positivity

18

Also shows very 
significant impact on 
polarized gluon PDF 

and moderate impact 
on flavor-separated 

PDFs using only
inclusive e-p.

JAM21
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3 Evaluation of the asymmetries

Experimentally, clean access in semi-inclusive DIS to the helicity distributions is provided
by the extraction of double-spin asymmetries. Assuming constant lepton-beam and proton-
beam polarisation, respectively Pe and Pp, they can be written as:

Ah
k(xB, Q2, z) =

1
Pe Pp

�!�!
Nh
�!�!
L
�
 ��!
Nh
 ��!
L

�!�!
Nh
�!�!
L
+
 ��!
Nh
 ��!
L

(xB, Q2, z) (2)

= D(y)Ah
1(xB, Q2, z),

where
�!�!
Nh (
 ��!
Nh) represents the number of semi-inclusive DIS hadrons of type h in bin

(xB, Q2, z) collected with (anti-)parallel beam-spin orientation, while
�!�!
L (
 ��!
L ) is the corre-

sponding luminosity. The asymmetry Ah
k represents the asymmetry with respect to the

lepton-beam direction, while Ah
1 is the asymmetry with respect to the virtual photon and

gives access to the convolution of the parton helicity distributions and fragmentation
functions.

In the present simulation, Nh is obtained by reweighting each event, as described in

section 2, while the randomly generated relative beam-spin orientation results in
�!�!
L ⇡

 ��!
L .

The lepton and proton beam polarisations are set to 100% in the simulation, but in order to
account for experimentally realistic conditions, a beam polarisation for both beams of 70%
is assumed in the evaluation of the statistical uncertainty.

In the following, the depolarisation factor is set to 1 for the evaluation of the system-
atic uncertainties, both in equation 1 for the reweighting of the simulation and for the
extraction of A1 in equation 3. The reason for this approach lies in the enhancement of
small differences between generated and reconstructed data points when introducing the
depolarisation factor due to fluctuations that result solely from the limited amount of
generated Monte-Carlo data. For the evaluation of the statistical uncertainty, the actual
value of the depolarisation factor is used in equations 1 and 3 and in addition it is required
to lie above 0.1.

The generated asymmetries, evaluated from the generated scattered beam-lepton and
hadron information, as well as the reconstructed asymmetries, evaluated from the scattered
beam lepton and created particles reconstructed by the ECCE detector, are presented in
figures 2 and 3 for positive pions and in figures 4 and 5 for negative kaons, for s =
5 ⇥ 41 GeV2 and s = 18 ⇥ 275 GeV2. Corresponding figures for negative pions and
positive kaons can be found in appendix A. The depolarisation factor is here set equal to
1. The different behaviour of the kaon and pion asymmetries at larger z values reflects
the fact that, contrary to the pion, the negative kaon and the proton do not have a valence

4
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Figure 2: Generated (squares) and reconstructed (circles) double-spin asymmetries with
D(y) = 1 for positive pions, as a function of xB and for different ranges in z (panels) and
Q2 (colors). The data points are drawn at, respectively, the average generated and average
reconstructed xB in each bin. The data are generated at s = 5 ⇥ 41 GeV2 and scaled to an
integrated luminosity of 10 fb�1.

quark flavour in common. As can be seen from the figures, the reconstructed asymmetries
agree quite well with the generated asymmetries, and any effect from unreconstructed
hadrons or smearing of the kinematic variables due to finite detector resolution stays very
limited. In that sense, the ECCE design is robust and satisfies the requirements needed for
the extraction of double-spin asymmetries.

The figures also clearly show the broad kinematic coverage in xB, Q2, and z, with the two
centre-of-mass energies covering complementary regions in xB for the different ranges in z.
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Figure 3: Generated (squares) and reconstructed (circles) double-spin asymmetries with
D(y) = 1 for positive pions, as a function of xB and for different ranges in z (panels) and
Q2 (colors). The data points are drawn at, respectively, the average generated and average
reconstructed xB in each bin. The data are generated at s = 18 ⇥ 275 GeV2 and scaled to an
integrated luminosity of 10 fb�1.

The data collected at high centre-of-mass energy allows to reach xB values down to 10�4.
Such broad kinematic coverage is needed for a precise extraction of the various parton
helicity distributions.

In a realistic experimental situation, an unfolding procedure would be applied to the
measured asymmetry in order to extract the ‘physics’ asymmetry, free from detector
effects. The application of such unfolding procedure in the present study would allow to
extract a ‘physics’ asymmetry, which approaches the generated asymmetry more closely.
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Figure 7: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2, z) bin,
for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional global scale
uncertainty of 2% accounts for the uncertainty in the beam polarisations, as indicated in the
figure. The central value of the data points has no meaning.

positive-pion asymmetries for 0.011 < z < 0.05 for the July design (left) and the October
design (right) are presented. As can be seen, the new tracker support structure closes the
gap in acceptance.

Finally, figures 11 and 12 illustrate the asymmetry that would be obtained after an un-
folding procedure on the asymmetry measured with the ECCE detector, for 10 fb�1 of
data collected at s = 5 ⇥ 41 GeV2 and s = 18 ⇥ 275 GeV2, respectively3, for the range

3In practice, the central values of the reconstructed asymmetries have been replaced here by those of the
generated ones, for the kinematic bins for which an asymmetry is reconstructed.
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Figure 9: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2, z) bin,
for negative-kaon asymmetries collected at s = 18 ⇥ 275 GeV2. An additional global scale
uncertainty of 2% accounts for the uncertainty in the beam polarisations, as indicated in the
figure. The central value of the data points has no meaning.

shows the uncertainties in the A1 asymmetry as a function of the kinematic coverage in
xB (x-axis) and Q2 (colors). Here, the results for s = 18 ⇥ 275 GeV2 and one bin in hadron
fractional energy 0.10 < z < 0.15 are shown. Comparing the 1.4 T setting (first panel) and
the 3.0 T setting (second panel), it can be seen that the 3.0 T configuration allows for a
similar kinematic coverage as the 1.4 T configuration. The observed behaviour is similar in
all of the z bins. Additional information is provided in figure 14, which shows the ratio
of the statistical uncertainties in the asymmetry for the 1.4 T and 3.0 T configuration for
0.10 < z < 0.15 (left) and 0.60 < z < 0.70 (middle). The low-z bin is in general populated
by low-energetic hadrons. Since these are more likely to be deviated out of the detector
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Figure 7: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2, z) bin,
for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional global scale
uncertainty of 2% accounts for the uncertainty in the beam polarisations, as indicated in the
figure. The central value of the data points has no meaning.

positive-pion asymmetries for 0.011 < z < 0.05 for the July design (left) and the October
design (right) are presented. As can be seen, the new tracker support structure closes the
gap in acceptance.

Finally, figures 11 and 12 illustrate the asymmetry that would be obtained after an un-
folding procedure on the asymmetry measured with the ECCE detector, for 10 fb�1 of
data collected at s = 5 ⇥ 41 GeV2 and s = 18 ⇥ 275 GeV2, respectively3, for the range

3In practice, the central values of the reconstructed asymmetries have been replaced here by those of the
generated ones, for the kinematic bins for which an asymmetry is reconstructed.
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Figure 9: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2, z) bin,
for negative-kaon asymmetries collected at s = 18 ⇥ 275 GeV2. An additional global scale
uncertainty of 2% accounts for the uncertainty in the beam polarisations, as indicated in the
figure. The central value of the data points has no meaning.

shows the uncertainties in the A1 asymmetry as a function of the kinematic coverage in
xB (x-axis) and Q2 (colors). Here, the results for s = 18 ⇥ 275 GeV2 and one bin in hadron
fractional energy 0.10 < z < 0.15 are shown. Comparing the 1.4 T setting (first panel) and
the 3.0 T setting (second panel), it can be seen that the 3.0 T configuration allows for a
similar kinematic coverage as the 1.4 T configuration. The observed behaviour is similar in
all of the z bins. Additional information is provided in figure 14, which shows the ratio
of the statistical uncertainties in the asymmetry for the 1.4 T and 3.0 T configuration for
0.10 < z < 0.15 (left) and 0.60 < z < 0.70 (middle). The low-z bin is in general populated
by low-energetic hadrons. Since these are more likely to be deviated out of the detector
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Figure 10: Statistical uncertainty for each (xB, Q2) bin and for 0.011 < z < 0.04, for positive-
pion asymmetries collected at s = 18 ⇥ 275 GeV2. The central value of the data points has
no meaning. The panel on the left shows the situation for the July design, while that in the
middle shows the situation for the October design.
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Figure 11: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
5 ⇥ 41 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 10: Statistical uncertainty for each (xB, Q2) bin and for 0.011 < z < 0.04, for positive-
pion asymmetries collected at s = 18 ⇥ 275 GeV2. The central value of the data points has
no meaning. The panel on the left shows the situation for the July design, while that in the
middle shows the situation for the October design.
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Figure 11: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
5 ⇥ 41 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 12: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
18 ⇥ 275 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 13: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2) bin and
0.10 < z < 0.15, for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional
global scale uncertainty of 2% accounts for the uncertainty in the beam polarisations, as
indicated in the figure. The central value of the data points has no meaning. The first panel
shows the kinematic coverage and related uncertainties with the 1.4 T magnetic configuration,
while the second panel shows the 3.0 T configuration.
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Figure 10: Statistical uncertainty for each (xB, Q2) bin and for 0.011 < z < 0.04, for positive-
pion asymmetries collected at s = 18 ⇥ 275 GeV2. The central value of the data points has
no meaning. The panel on the left shows the situation for the July design, while that in the
middle shows the situation for the October design.
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Figure 11: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
5 ⇥ 41 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 12: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
18 ⇥ 275 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 13: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2) bin and
0.10 < z < 0.15, for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional
global scale uncertainty of 2% accounts for the uncertainty in the beam polarisations, as
indicated in the figure. The central value of the data points has no meaning. The first panel
shows the kinematic coverage and related uncertainties with the 1.4 T magnetic configuration,
while the second panel shows the 3.0 T configuration.
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pion asymmetries collected at s = 18 ⇥ 275 GeV2. The central value of the data points has
no meaning. The panel on the left shows the situation for the July design, while that in the
middle shows the situation for the October design.
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Figure 11: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
5 ⇥ 41 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 12: ‘Unfolded’ pion (upper panel) and kaon (lower panel) asymmetries as a function
of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
18 ⇥ 275 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 13: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2) bin and
0.10 < z < 0.15, for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional
global scale uncertainty of 2% accounts for the uncertainty in the beam polarisations, as
indicated in the figure. The central value of the data points has no meaning. The first panel
shows the kinematic coverage and related uncertainties with the 1.4 T magnetic configuration,
while the second panel shows the 3.0 T configuration.
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Figure 10: Statistical uncertainty for each (xB, Q2) bin and for 0.011 < z < 0.04, for positive-
pion asymmetries collected at s = 18 ⇥ 275 GeV2. The central value of the data points has
no meaning. The panel on the left shows the situation for the July design, while that in the
middle shows the situation for the October design.
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of xB for 10.0 GeV2 < Q2 < 17.8 GeV2 and three ranges in z, obtained from data at s =
5 ⇥ 41 GeV2 and for an integrated luminosity of 10 fb�1.
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Figure 13: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2) bin and
0.10 < z < 0.15, for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional
global scale uncertainty of 2% accounts for the uncertainty in the beam polarisations, as
indicated in the figure. The central value of the data points has no meaning. The first panel
shows the kinematic coverage and related uncertainties with the 1.4 T magnetic configuration,
while the second panel shows the 3.0 T configuration.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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FFs in the transverse SSAs, and to study the feasibility of
experimental measurements on them, which are the main
purpose of this work.
Both the twist-3 distributions and FFs could give rise to

the transverse SSAs. In this paper, we will focus particu-
larly on the contributions from the twist-3 distributions. We
note that in the common reference frame [38] used to
analyze SIDIS, the interaction-dependent twist-3 FFs
(denoted with a tilde) also appear in the convolution. In
practical calculation these FFs may be set to zero in the
Wandzura-Wilczek approximation [39]. However, recent
studies [40–42] within the collinear twist-3 factorization on
the contributions of the chirally and time-reversal odd FFs
to the SSA in proton-proton collisions, show that certain
fragmentation contributions from the three-parton correla-
tion could still be sizeable. These studies might also imply
that the contributions to the sinϕS and sinð2ϕh − ϕSÞ
asymmetries in SIDIS from certain TMD twist-3 FF are
non-negligible. As a first study, in this work we will only
consider the contributions from the TMD twist-3 distribu-
tions to the SSAs in SIDIS. The possible role of the TMD
twist-3 FFs on the SSAs, hinted from the collinear twist-3
FFs, deserves further theoretical and experimental inves-
tigations, and is beyond the scope of this work. Therefore,
in this scenario, four twist-3 TMD distributions are
involved in the transverse SSAs: fT , f⊥T , hT , and h⊥T .
The first one contributes to the sinϕS asymmetry, while the
second one contributes to the sin ð2ϕh − ϕSÞ asymmetry;
the last two distributions contribute to both asymmetries
through the convolution with the Collins FF.
The remained content of the paper is organized as

follows. In Sec. II, we calculate the TMD distributions
fT , f⊥T , hT , and h⊥T for the u and d valence quarks, as it is
necessary to know their magnitudes and signs to predict
SSAs. As a demonstration wewill use the spectator-diquark
model developed in Ref. [43], which is also applied in
Refs. [44,45]. In Sec. III, using the model results obtained
in Sec. II, we present our prediction on the sinϕS and
sinð2ϕh − ϕSÞ asymmetries for charged and neutral pions
in SIDIS, considering experimental configurations acces-
sible at HERMES, JLab, and COMPASS. Although the
TMD factorization at twist-3 level has not been proved
[46,47], here we would like to adopt a more phenomeno-
logical way, i.e., to use the tree-level result in Ref. [31] to
perform the estimate. Finally, we give our conclusion
in Sec. IV.

II. CALCULATION OF TWIST-3
TMD DISTRIBUTIONS IN

SPECTATOR-DIQUARK MODEL

In this section, we present the calculation on the four
twist-3 TMD distributions in a spectator model, which was
developed in Ref. [43]. In this model, the proton is
supposed to be constituted by a quark and a diquark,
and the diquark can be a scalar particle or an axial-vector

one. The relevant diagrams for the calculation are shown
in Fig. 1, which are identical for the scalar and axial-
vector cases.
The gauge-invariant quark-quark correlator can be

expressed as

Φðx; kTÞ ¼
Z

dξ−d2ξT
ð2πÞ3

eik·ξhPSjψ̄ jð0ÞL½0−;∞−%

× L½0T; ξT %L½∞−; ξ−%ψ iðξÞjPSi: ð1Þ

For convenience here we adopt the light-cone coordinates
½a−; aþ; aT % for an arbitrary four-vector a, with a' ¼
ða0 ' a3Þ=

ffiffiffi
2

p
¼ a · n∓, where the two lightlike vectors

are defined as nþ ¼ ½0; 1; 0T % and n− ¼ ½1; 0; 0T %. The
vector aT ¼ ½a1; a2% denotes the two-component transverse
vector that is perpendicular to the vectors n'. It is often to
promote aT to a four-vector aT ¼ ½0; 0; aT %, and the scalar
product of two transverse four-vectors satisfies

aT · bT ¼ −aT · bT: ð2Þ

At twist-3 level, the correlator (1) for a transversely
polarized nucleon can be decomposed into [31]

Φðx; kT; STÞjtwist-3

¼ M
2Pþ

"
−ϵρσT γρSTσf0T þ

ðkT · STÞϵ
ρσ
T γρkTσ

M2
f⊥T

−
kT · ST
M

½nþ; n−%γ5
2

hT þ ½ST; kT %γ5
2M

h⊥T þ ( ( (
#
; ð3Þ

FIG. 1. Cut diagrams for the spectator model calculation at tree
level (upper) and one-loop level (lower). The dashed lines denote
the spectator diquarks that can be scalar diquarks or axial-vector
diquarks.
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Figure 1. Kinematics of the process. q is the virtual photon, k and k0 are the initial and struck quarks, k? is the

quark transverse component. Ph is the final hadron with a p? component, transverse with respect to the fragmenting

quark k0 direction.

the beam energy becomes, the more serious the inaccuracies of the parton model have to be

taken. On the other hand, the “fully di↵erential” cross section Eq. (3.2) of the generalized

parton model allows us to include in our Monte Carlo both transverse momentum and

the physical energy and momentum phase space constraints. We used the widely accepted

parton model approximation of setting the initial parton on-shell (assumption that virtual

photon interacts with an on-mass shell quark)3. But it is important to emphasize that

the approximations we have made, which are consistent with a generalized parton model

framework, enable us to implement a Monte Carlo that incorporates the correct phase

space momentum constraints and satisfies the requirements we outlined in this section.

Thus, our Monte Carlo simulation allows us to take the factorized form of the gener-

alized parton model cross section Eq. (3.2) as a basis and then to impose four-momentum

conservation for the partons according to Fig. 1, assuming the initial quark is on-shell with

non-zero mass. We also take a non-zero target mass into account. This procedure does

not necessarily lead to a more accurate description of the underlying physics, because it

still rests on the simplified picture of the generalized parton model and involves the ap-

proximation of an on-shell quark. Nonetheless, implementing these modifications can give

us an indication for the magnitude of the uncertainties resulting from the aforementioned

kinematic approximations in the parton model.

Note that our goal is to study the applicability of Bessel weighting to experimental

data, for which we explicitly need k? and p? dependences in the Monte Carlo generator.

Alongside with this goal it is interesting to investigate how well the approximations of the

simple parton model are justified in the current relatively low energy experimental set-up.

One would expect that if approximations that lead to the parton model expressions for

structure functions are justified, then the generalized parton model expression would not

spoil this approximation numerically. On the other hand if the generalized parton model

gives notably di↵erent results with respect to a naive parton model, one would expect

that kinematics of the experiment does not allow a certain type of approximations and the

3The confined quark has a non-zero virtuality. Such e↵ects in Monte Carlo generators have been studied

in Ref. [62].
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that kinematics of the experiment does not allow a certain type of approximations and the

3The confined quark has a non-zero virtuality. Such e↵ects in Monte Carlo generators have been studied

in Ref. [62].
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Figure 8: Pion cross sections as a function of PT in bins of x and for selected bins of Q2 for three di↵erent collision energies. For visibility all z bins were combined.
The uncertainty boxes are based on the di↵erences between true and reconstructed yields and give an indication of the maximal size of uncertainties due to kinematic
resolutions.

Figure 9: Expected EIC uncertainties on the unpolarized TMD PDFs (top) and FFs (bottom) as a function of the intrinsic transverse momentum for certain x and z
slices in comparison to the existing uncertainties.
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TMD evolution of the Sivers TMD PDF

Figure 1: Example of the expected evolution e↵ects from [13] for the Sivers asymmetry at an intermediate x, z and PT value, as a function of Q for three collision
energy combinations. The error bands represent the current level of uncertainties and the data points represent the projected ECCE uncertainties (statistical and
systematic uncertainties combined) to be discussed further below put to the central values of the current parameterization.

Sivers asymmetries of about 2 % would decrease to the sub-44

percent level at higher scales. As such, it is important for any45

EIC experiment to be able to reconstruct such asymmetries with46

both statistical and systematic precision below the 1 % level47

over a large kinematic range in a fine enough binning. The de-48

tails of the expected precision of the ECCE measurements will49

be discussed below, but one can already see the complementar-50

ity between di↵erent collision energies in covering a large lever51

arm with su�cient precision.52

The Collins e↵ect [2] relates the chiral-odd quark transver-53

sity distribution [17], that is the basis for the tensor charge,54

with a polarized fragmentation function, the Collins fragmenta-55

tion function. It correlates the transverse spin of a fragmenting56

parton with the azimuthal yield of final-state hadrons around57

the axis of this parton. Unlike the Sivers function, that can be58

accessed with an unpolarized fragmentation function, the fact59

that the fragmentation function is also polarized and chiral-odd60

makes the transversity extraction more di�cult. Nevertheless,61

access to only the Collins FFs has been obtained from e+e�62

annihilation measurements, initially by Belle [9, 10] and later63

by BABAR [11] and BESIII[12]. Using this information to-64

gether with the SIDIS data from HERMES, COMPASS and65

JLAB, various transversity extractions have been performed,66

although they predominantly rely on only valence flavors so67

far. Recently, also single-hadron single spin asymmetries from68

hadronic collisions were included in a global QCD analyssi69

of all avialable data on transverse spin asymmetries, includ-70

ing apart from SIDIS, Drell-Yan and e+e� data also AN data71

from proton-proton scattering [18]. The interest of the tensor72

charges stems from the fact that various interactions beyond the73

standard model may be also a tensor type of interaction [19].74

As at the same time Lattice QCD calculations argue to be al-75

ready fairly reliable on the calculation of the tensor charge, any76

discrepancies between measurement and Lattice results may in-77

dicate BSM e↵ects. Although the tensor charges are expected78

to be more of a valence quark e↵ect (due the the charges being79

defined as the di↵erence of quark and antiquark transversities),80

fixed target measurements will not be able to perform the inte-81

gral over large enough of an x range to satisfactorily extract the82

charges, but the EIC can [20]. Also here the scale dependence83

is of interest as well as accessing the sea quark transversity dis-84

tributions.85

2. Data selection86

The simulated data were obtained using the pythiaeRHIC im-87

plementation of pythia6 [21] with the same settings and events88

that were also used in the SIDIS studies of the EIC Yellow re-89

port [22]. It should be noted that for these studies no dedicated90

radiative e↵ects were generated other than what is already in-91

cluded in pythia. These e↵ects are likely very relevant, espe-92

cially at large y but are common to all EIC detector proposals93

and were therefore not studied here. The generated data, in94

its eic-smear format, was then run through a geant4 simulation95

of ECCE that contains all the relevant tracking detectors and96

calorimeters, as well as some of the support material, magnet97

yoke, the PID detectors, etc., c.f. [23]. The PID information98

in these simulations came from a parametrization based on the99

rapidity and momentum dependent PID resolutions that can be100

expected for the various PID subsystems.101

The data was obtained at the energy combinations that are102

summarized in Table 1 where the simulations were separated103

into low Q2 data and higher Q2 data in order to still obtain rea-104

sonable statistics at the lower cross sections at higher Q2. Un-105

like in the Yellow Report, no dedicated e+3He simulations were106

run and instead for the impact studies the Yellow Report un-107

certainties were rescaled based on the ECCE e+p simulations.108

As can be seen from these luminosities, especially at low Q2
109

the accumulated data is still far below the level of statistics to110

be expected from the EIC. Nevertheless the statistics are large111

enough to evaluate the statistical uncertainties that can be ex-112

pected. At the higher Q2 > 100 GeV2 range, the luminosities113

are generally larger which in turn compensates for the lower114

cross sections and event rates expected there.115

3. General (SI)DIS kinematics, requirements116

As with all deeply inelastic scattering events the typical re-117

quirements on DIS kinematics are considered. The most im-118

portant one is on the scale of the process by having a lower119

limit on the squared momentum transfer from the lepton to the120

nucleon, Q2 > 1 GeV2. Additionally, also the invariant mass121

of the hadronic final state is supposed to be above the main nu-122

cleon resonances which is ensured with W2 > 10 GeV2. Further123

requirements are made on the inelasticity to be 0.01 < y < 0.95124

4

Decrease of asymmetry with increasing Q2 → need high precision (<1%) to measure asymmetry at high Q2                                        
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Figure 5: Collins asymmetries as a function of z in bins of x and Q2 for 18 GeV electrons on 275 GeV protons for positive (black, green) and negative (blue, purple)
pions. The asymmetries in the true kinematics are shown in black and blue symbols while the asymmetries in the reconstructed kinematics are shown in blue and
purple symbols.

Figure 6: Sivers asymmetries as a function of z in bins of x and Q2 for 18 GeV electrons on 275 GeV protons for positive (black, green) and negative (blue, purple)
pions. The asymmetries in the true kinematics are shown in black and blue symbols while the asymmetries in the reconstructed kinematics are shown in blue and
purple symbols.
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General good agreement between reconstructed and

generated asymmetry: moderate smearing. 

Low x: absence of parametrisitation 

for sea quarks

Reweighting of Pythia at LO using Sivers extraction from existing SIDIS and e+e- data

M. Anselmino et al., Eur. Phys. J. A 39:89-100, 2009



Figure 10: Projected ⇡+ Sivers asymmetry statistical and systematic uncertainties as a function of either z (top panel) in bins of PT or as a function of PT in bins of
z (bottom panel) for three select x and Q2 bins. The asymmetries are shown at arbitrary values for better visibility. The statistical uncertainties are extrapolated to
an accumulated luminosity of 10 fb�1 for the 18 GeV x 275 GeV energy option. For better visibility either 4 bins in PT and 2 bins in z were combined or vice versa.
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• Low x and Q2: small statistical uncertainty. High precision is needed since asymmetry at low x and Q2 well below 1%.

• For not too large z and PT, statistical uncertainty well below 1%.

• Systematic uncertainties increase with z and PT: likely because of higher smearing effects.

systematic uncertainty= 

|generated - reconstructed|


Additionally: 3% scale uncertainty

Beam polarisations assumed 

to be 70%.
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Figure 16: Projected ⇡+ Sivers asymmetry statistical uncertainties as a function of z and PT in bins of x and Q2. The statistical uncertainties are extrapolated to an
accumulated luminosity of 10 fb�1 for the 5 GeV x 41 GeV energy option.

Figure 17: Example figure of the Q2 dependence of Sivers asymmetries for ⇡+ for three x bins after integrating over transverse and fractional momenta.

Figure 18: Example figure of the Q2 dependence of Collins asymmetries for ⇡+ for three x bins after integrating over transverse and fractional momenta.
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Q2 dependence of the Sivers asymmetry

18

Intermediate and high x: good coverage in Q2,

with complementarity in coverage at different COM energies.

ECCE



Figure 20: Expected impact on up (left) and down (right) quark Sivers distributions as a function of the transverse momentum kT for di↵erent values of x, obtained
from SIDIS pion and kaon EIC pseudo-data, at the scale of 2 GeV. The orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the
uncertainties when including the ECCE pseudo-data.
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5⇥ 41 GeV2
<latexit sha1_base64="1OTsdlwcr5HhPMENSbxKMgbE1dM=">AAACIXicbVBNS8NAFNzU7/gV9ehlsSjioSQF0aPoQY8KthaaWjbb17p0swm7L2IJ/Ste/CtePCjiTfwzbmsEtQ4sDDPz2PcmSqUw6PvvTmlqemZ2bn7BXVxaXln11tbrJsk0hxpPZKIbETMghYIaCpTQSDWwOJJwFfVPRv7VLWgjEnWJgxRaMesp0RWcoZXa3mEYQU+onEnRU3tDdyfwQxQxGBr4lsEd5vQU6sPrahi6IajOd7Ltlf2KPwadJEFByqTAedt7CzsJz2JQyCUzphn4KbZyplFwCUM3zAykjPdZD5qWKmaXaOXjC4d02yod2k20fQrpWP05kbPYmEEc2WTM8Mb89Ubif14zw+5hKxcqzRAU//qom0mKCR3VRTtCA0c5sIRxLeyulN8wzTjaUl1bQvD35ElSr1aC/Yp/US0fHRd1zJNNskV2SUAOyBE5I+ekRji5J4/kmbw4D86T8+q8fUVLTjGzQX7B+fgEeJmieA==</latexit>

10⇥ 100 GeV2
<latexit sha1_base64="V9PpN+jdQrHOma+HdhzlPiuv8rM=">AAACIXicbVDLSgMxFM34rOOr6tJNsCjioswUxC6LLnRZwdZCp5ZMeluDmcyQ3BHL0F9x46+4caFId+LPmD4EtR4IHM45l9x7wkQKg5734czNLywuLedW3NW19Y3N/NZ23cSp5lDjsYx1I2QGpFBQQ4ESGokGFoUSrsO7s5F/fQ/aiFhdYT+BVsR6SnQFZ2ildr4chNATKmNS9NTRwD3wywGKCAz1PS9AeMCMnkN9cFMKAjcA1flOtvMFr+iNQWeJPyUFMkW1nR8GnZinESjkkhnT9L0EWxnTKLiEgRukBhLG71gPmpYqZpdoZeMLB3TfKh3ajbV9CulY/TmRsciYfhTaZMTw1vz1RuJ/XjPFbrmVCZWkCIpPPuqmkmJMR3XRjtDAUfYtYVwLuyvlt0wzjrZU15bg/z15ltRLRf+46F2WCpXTaR05skv2yCHxyQmpkAtSJTXCySN5Jq/kzXlyXpx3ZziJzjnTmR3yC87nF4XpooA=</latexit>

18⇥ 100 GeV2
<latexit sha1_base64="m8zIGOyKj/d8ZqbgTJbhIl9UFGY=">AAACH3icbVDLSgMxFM34rOOr6tJNsCjioswUarssutClgm2FTi2Z9LYGM5khuSOWoX/ixl9x40IRceffmD4EXwcCh3POJfeeMJHCoOd9ODOzc/MLi7kld3lldW09v7HZMHGqOdR5LGN9GTIDUiioo0AJl4kGFoUSmuHN8chv3oI2IlYXOEigHbG+Ej3BGVqpkz8MQugLlTEp+upg6O751QBFBIaWKuUA4Q4zegKN4VXJDUB1v3KdfMEremPQv8SfkgKZ4qyTfw+6MU8jUMglM6blewm2M6ZRcAlDN0gNJIzfsD60LFXMrtDOxvcN6a5VurQXa/sU0rH6fSJjkTGDKLTJiOG1+e2NxP+8Voq9ajsTKkkRFJ981EslxZiOyqJdoYGjHFjCuBZ2V8qvmWYcbaWuLcH/ffJf0igV/XLROy8VakfTOnJkm+yQfeKTCqmRU3JG6oSTe/JInsmL8+A8Oa/O2yQ640xntsgPOB+fEzehwQ==</latexit>

18⇥ 275 GeV2
for each collision energy
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Transversity: impact of EIC
Parametrisation from J. Cammarota, Phys. Rev. D 102(5):054002, 2020.

0.00 0.25 0.50 0.75 1.00

x

�0.25

0.00

0.25

0.50

x
h

1
(x

) u

d

JAM20

JAM20 + ECCE(ep)

JAM20 + ECCE(ep+e3He)

0.2 0.4 0.6 0.8

z

�0.50

�0.25

0.00

0.25

0.50

z
H

�
(1

)
1

(z
) fav.

unf .

Figure 22: Top: Expected impact on the up and down quark transversity distributions and favored and un-favored Collins function first moment when including EIC
Collins e↵ect SIDIS pseudo-data from e+p and e+He collisions [20]. Bottom: The impact on the up quark (�u), down quark (�d), and isovector (gT ) tensor charges
from the ECCE pseudo-data and their comparison to the Yellow report and lattice data [42, 43].

22

<latexit sha1_base64="nRV66JIriwkdHKruvG1RZ+R5cjQ="></latexit>
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18⇥ 275 GeV2
for each collision energy
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Back-to-back dihadron production in eA
• Access to the Weizsäcker-Williams gluon distribution

• Sensitive to saturation effects

• Complementarity region covered by 


dihadron and jet production
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Summary and outlook

Semi-inclusive measurements at EIC provide access to a range of information:

• Helicity distributions of sea and valence quarks

• 3D (spin-dependent) momentum structure of the nucleon, and study of TMD evolution

• Probe gluon saturation

Full GEANT simulations have been performed by ATHENA and ECCE, which demonstrate the EIC

capabilities to perform measurements with a large kinematic coverage and with high precision.

This is needed in order to allow for a precise determination of the various distributions.

Next steps:

• reference design optimisation and consolidation phase, with joints efforts from ATHENA and ECCE.

• towards the formation of a new detector 1 collaboration.
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Figure 11: Projected ⇡+ Sivers asymmetry statistical and systematic uncertainties as a function of z in bins of PT , x and Q2 shown at arbitrary asymmetry values for
better visibility. The statistical uncertainties are extrapolated to an accumulated luminosity of 10 fb�1 for the 18 GeV x 275 GeV energy option.

rough binning of PT and z would be kept as well as potentially392

choosing a finer binning in Q2.393

To illustrate a larger picture of the sensitivity that can be394

reached in terms of the TMD evolution, Fig. 19 highlights the395

whole x and Q2 range that can be covered for Sivers or Collins396

asymmetries, here displayed as a function of Q2, where all x397

bins are vertically o↵set. It becomes clear that while at high398

and low x only the lowest/highest collision energies contribute,399

at the intermediate regions, the di↵erent energies overlap and400

extend the Q2 lever arm. In this example the z and PT depen-401

dence was integrated out for visibility reasons, but in the actual402

EIC data, the statistical precision is good enough to study this403

in a finer binning.404

7. Impact studies on Transversity, Sivers function and405

Collins function406

7.1. Sivers function measurements:407

The impact studies based on these uncertainties can be seen408

in Fig. 20 for the up and down quark Sivers functions as a func-409

tion of the intrinsic transverse momentum kT in various slices410

of x. They show the expected uncertainties of the up and down411

quark Sivers functions including the ECCE pseudo-data in com-412

parison to the current knowledge as extracted from [13]. The413

central lines are fixed to those from the current data extraction414

which has slightly changed in comparison to the preliminary415

results that were the basis for the same figures in the Yellow416

report [22].417

The explicit comparison of the Sivers function uncertainties418

for up, down and strange quarks from ECCE pseudo-data and419

the parametrized reference detector of the Yellow report are420

shown in Fig. 21 as a function of x. It shows that apart from421

slight di↵erences due to the ranges assumed for the particle422

identification and the amount of actual detector smearing, the423

uncertainties are quite comparable. This again highlights that424

the ECCE detector concept fulfills the requirements set for the425

reference detector in the Yellow report using realistic simula-426

tions of detectors, materials and support structure.427

It should be noted that any impact figure relies on the base-428

line parameterization of that particular group of global fitters429

and the assumptions that group has used within their global fits.430

The expected uncertainties from other groups will look di↵er-431

ently, particularly in regions of low-x where so far no single432

spin asymmetry data exists and most of the uncertainty bands433

originate in the functional form, positivity bounds and other434

constraints. The question is not so much about which of these435

fits is right as much as the fact that a similar increase in the pre-436

cision with EIC or ECCE pseudo-data is expected. As such, the437

impact studies presented here are only one representative of the438

large number of groups working on global extractions for the439

Sivers functions [30, 31, 32, 33, 25, 34, 35, 36, 37, 38, 39, 40,440

41].441

14

Sivers: statistical and systematic uncertainties



Sivers: statistical and systematic uncertainties

Figure 13: Projected ⇡+ Sivers asymmetry statistical and systematic uncertainties as a function of z in bins of PT , x and Q2 shown at arbitrary asymmetry values for
better visibility. The statistical uncertainties are extrapolated to an accumulated luminosity of 10 fb�1 for the 5 GeV x 41 GeV energy option.

As the ECCE detector develops, the simulations will become493

even more realistic and the data analysis will also progress494

closer to that of actually taken experimental data. As such,495

some optimization in selection criteria and binnings will take496

place. Similarly, the increasingly more realistic detector re-497

sponses for the particle identification and the smearing can be498

addressed in an actual unfolding which should improve the sys-499

tematic uncertainties that are currently very crudely estimated500

at least in quality, and possibly also quantitatively. As men-501

tioned previously, also relying on calorimetry information to502

obtain the scattered lepton kinematics as well as using also503

hadronic DIS kinematic reconstruction methods in some areas504

of phase space will likely further improve the quality of the ex-505

pected measurements.506
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